The effects of hyperoxemia
Introduction
Cerebral blood flow (CBF) is usually constant within the normal physiological range of arterial oxygen ten sion (Pa02), and decreases during 85-100% 02 inha lation. The mode of the CBF response to hyperoxe mia is similar in both humans'o, 11,20) and animals. 1,1,6,9,11,1') The CBF decrease is believed to result from hyperoxemia-induced constriction in cerebral vessels. 16, 21) In particular, the precapillary vessels of the brain account for a large portion of the total cerebral vascular resistance, and their responses are generally representative of the responses of the cerebral circulation as a whole." ) Therefore, the mode of response in the precapillary vessels may reflect the CBF response during hyperoxemia. However, no quantitative study has investigated the in vivo vascular response to graded hyperoxemia in the brain.
The present study investigated the effects of normo and hyperoxemia on the pial vessels in rats, using a closed cranial window technique.',') Materials and Methods
I. General preparation
Six adult male Sprague-Dawley rats (Charles River Japan, Inc., Atsugi, Kanagawa) weighing 250-280 g were used. Anesthesia was induced by 4% hal othane, which was reduced to 1.5% during catheter insertion into the tail artery and femoral veins. Following tracheotomy, a-chloralose (120 mg/kg i.v.) was administered, and halothane was discon tinued. Supplemental doses of a-chloralose (30 mg/ kg) were given to maintain anesthesia when neces sary. The animals were immobilized with pancuro nium bromide (1.2 mg/kg/hr i.v.), and artificially ventilated with room air and oxygen. The tidal vol umes were repeatedly adjusted to obtain a stable ar terial carbon dioxide tension (PaC02). Arterial blood was collected for blood-gas analyses and hematocrit measurements. Mean arterial blood pressure (MABP) and intracranial pressure (ICP) were recorded continuously.
Fluid and drugs were administered into the left femoral vein. Na+-fluor escein, as a blood-brain barrier and vessel marker, was administered into the right femoral vein. Rectal temperature was maintained at 37.5°C by heating.
II. Operative technique
Details have been described previously.'') Briefly, a skin incision was made from the forehead to the neck. A window was made over the left parietal brain using a dental drill, but the thin bone layer over the dura was left intact. Three catheters were at tached and fixed in dental cement to the window for superfusion of the brain surface and for ICP mea surements. A plexiglass funnel was fixed to the skin above the window and filled with paraffin oil. Under the oil, the remaining bone layer of the window was removed, and the dura was opened. Following infu sion of a small amount of artificial cerebrospinal fluid (CSF) over the brain, the window was closed with a glass cover (13 mm diameter) fixed with cyanoacrylate. Finally, the funnel was removed, and the distal end of the outflow catheter of the window was adjusted to a height that maintained an ICP of 5 mmHg.
III. Artificial CSF
During and after a control period of 30 minutes, the brain surface was superfused with artificial CSF at a rate of 5 ml/hr. The CSF contained the follow ing concentrations (mM): glucose 3.3, Na+ 158, K+ 3.2, Ca 2+ 1.5, Cl 142, Mg 2+ 1.33, and HC03 24.5, yielding an osmolality of 307 mOsm/l. The CSF was bubbled with a mixture of CO2 (6%),02 (10%), and N2 (84%) before superfusion at 37.5'C, yielding a pH of 7.34 ± 0.02 (mean ± SD) (range 7.32-7.38), a PCO2 of 44.2 ± 2.6 mmHg (40.0-46.6 mmHg), and a P02 of 84 ± 1 mmHg (82-87 mmHg).
IV. Intravital fluorescence microscopy
Intravital fluorescence microscopy was carried out using the Fluorescence Video-Photo-Microscope K90 system.') Epiillumination of the brain surface was performed only during observation (about 10 min per observation), using a 100W high pressure mercury lamp. The light intensity was reduced through two sets of ND25 filters. A band-pass filter was used to obtain an excitation source with a wavelength of 455-490 nm. The fluorescence emis sion of the brain surface was studied after in travenous injection of 2% Na+-fluorescein. Wavelengths below 515 nm were excluded for both visual observation and photography.
Ten microliter of the dye solution was administered repeatedly for a total of 0.30-0.43 ml during each experiment. Quan titative studies of vasomotor responses used a 20 x objective lens to measure the internal diameters of pial vessels. Images were recorded on videotape through a video timer. A low-light TV camera (C2741; Hamamatsu Photonics, Hamamatsu, Shizuoka) and a TV monitor provided a final mag nification of 600x. Extravasation of Na+-fluores cein from pial vessels into the surrounding brain was not observed during any of the experiments.
Vessel diameters were measured off-line. The vas cular network was hard-traced from microphoto graphs of the brain surface. The diameters of ran domly selected arterioles and venules were measured manually on the TV monitor, using sliding calipers (accurate within 0.01 mm). All measured locations were marked on the drawings to allow easy identifica tion of vessel sites.
V. Experimental protocol
The experiment consisted of six consecutive parts. The animals inhaled standard air (21%02) in part 1 (control); air + 02 in parts 2 and 3, the 02 concentra tion was approximately 30% and 60%, respectively; 100% 02 in part 4; 30% 02 in part 5; and air in part 6. Parts 5 and 6 repeated parts 2 and 1, respectively, to confirm that the vessel diameters returned to their control sizes (before 02 inhalation). The animals in haled the gas mixture for 30 minutes, after which the brain surface vessels were observed. Diameter changes in 114 arterioles (diameter: mean ± SD 37 ± 18,um, range 14-90 ,um) and 71 venules (41 ± 19,um, 17-114,um) were studied. Previously, we confirmed the constancy of the pial vessel diameters during seven consecutive measurements under a steady state, observed at 30-minute intervals between each measurement .7)
VI. Statistical analysis
Values are indicated as mean ± SD. Comparisons of changes in both physiological parameters and ves sel diameters were performed using repeated-mea sure analysis of variance. A p level of < 0.05 was considered significant.
Results

I. Physiological data
The MABP and blood-gas partial pressures are summarized in Table 1 . There were no major changes in PaCO2 or pH during the experiment. Although the MABPs were within the normal range throughout the experiment, those in parts 3 and 4 were about 10 mmHg higher than during the control period (p < 0.05). There were no major changes in MABP during parts 2-5. Hematocrit was measured three times (before the experiment, and during parts 5 and 6): the initial hematocrit (42 ± 2%) showed no major decrease until part 5 (40 ± 1%), but finally there was a slight decrease (39 ± 2%, p < 0.05). The PaO2 value increased stepwise in response to the in crease in 02 concentration in the gas inhaled. 
II.
Vasomotor response Diameter changes of the pial vessels are summa rized in Table 2 . Arterioles constricted progressively according to the stepwise increase in Pa02. However, linear regression analysis of the relationship between control arteriolar diameters and percentage diameter changes following 100% 02 inhalation showed no sig nificance with a correlation coefficient of 0.227 (Fig.  1) . Arteriolar diameters returned to their control sizes when Pa02 returned to the control level. Ven ules showed no significant responses to the Pa02 changes.
As the blood pressure increase might possibly have an effect on the arteriolar diameters, 12) the mean per centage change per mmHg Pa02 increase was calcu lated for each pair of experimental parts ( Table 3) . The percentage change per mmHg decreased progres sively as Pa02 increased. The diameter change be tween parts 3 and 4 (3%) was not significant. 
Discussion
Hyperoxemia-induced vasoconstriction has been di rectly observed in the cat brain using cranial window techniques, 12, 16, 21) and in the hamster cheek pouch.') Kontos et al. 12) showed that moderate hyperoxemia (about 200 mmHg) induced only a 2-3% reduction in the diameters of cat pial arterioles (42 ± 6 pm di ameter) following 40%02 inhalation. The closed cranial window technique used in this study was es tablished to investigate the in vivo blood-brain barri er function and vasomotor response simultaneously in the pial vessels of rats.") This study was done en tirely with rats maintaining a physiological blood brain barrier function under normal intracranial pres sure. In addition, only the intravascular P02 was manipulated to examine the effects of hyperoxemia on the vascular diameters. The extravascular P02 (in the artificial CSF) was controlled constantly at 84 ± 1 mmHg. The experiment induced a Pa02 ranging from the normal physiological range (approximately 80-130 mmHg), through moderate hyperoxemia (280 mmHg), to marked hyperoxemia (540 mmHg).
Therefore, the study achieved graded hyperoxemia, during which the MABP increased by about 10 mmHg (from 90 to 100 mmHg). Although this MABP increase may not elicit significant vasocon striction, 12) we eliminated the possible effects of blood pressure changes on vessel diameters by eval uating the vasomotor response between each pair of graded steps.
Our first purpose was to investigate whether the mode of cerebrovascular response is similar to that of the reported CBF response. Our study demonstrat ed that arterioles constrict significantly ( 0.12% per mmHg Pa02 increase) in a normal physiological range of Pa02. However, the percentage diameter decrease (or vasoconstriction) became less during hyperoxemia; diameter changes between 60% and 100% 02 inhalation were not significant. The ob served vascular responses during 30-60%02 inhala tion were greater than those of cats observed by Kontos et al. 12) Although not significant, the PaCO2 decreased slightly (-< _ 1.0 mmHg, Table 1 ), and this could explain < 1.1 % decreases in arteriolar di ameters.') Considering the effect of the PaCO2 decrease, the present results show no major changes: for example, the percentage change per mmHg Pa02 increase between parts 1 and 2 becomes 0.094% ( r0.1%).
The mode of the cerebrovascular response to hyperoxemia seems to differ from the CBF response reported previously. The CBF was constant under a Pa02 range of 50-120 mmHg in dogs," and during 50-80%02 inhalation in humans. 15.2) During 100% 02 inhalation the CBF decreased by 11-40% in dogs, 1, 6, 14) and 24% during 80-90%02 inhalation in newborn puppies.') In humans, inhalation of 85 100% 02 induced a 13-21% CBF reduction. 10, 13, 15) The difference in the modes of vascular and CBF responses may be due to the relationship between the cerebral vascular resistance and the pial arteriolar di ameter. The Poiseuille equation shows the resistance to flow is inversely proportional to the fourth power of the radius (r4). Several other reasons may be con sidered. First, the cerebrovascular responses of small (< 14 ,um diameter) or large (> 90 ,um diameter) vessels (not observed in this present study) may have a more significant effect on CBF. In particular, the smaller vessels may undergo greater constriction. Second, there may be a threshold vessel diameter which influences the significant CBF decrease. Third, the constant P02 in the extravascular CSF may attenuate the vasoconstrictor response during hyperoxemia, because a higher CSF P02 (> 200 mmHg) can elicit a significant vasoconstriction.
12) Fourth, the anesthetics used may have affected the cerebrovascular response to hyperoxemia.
Finally, species differences must always be taken into consid eration in data comparison.
Two different CBF responses to 100% 02 have been reported in unanesthetized rats.',") Torbati et a119) measured CBF using C14-antipyrine au toradiography, and found no significant changes in CBF during 100% 02 inhalation. In contrast, Hordnes and Tyssebotns) showed a 30% decrease in CBF using a radiolabeled microsphere technique. Our results showed the arteriolar diameters decreased by about 10% (from parts 1 to 4), indicat ing an approximately 20% decrease in the cross-sec tional areas of the vessels. Because the MABP in crease was small, and other physiological parameters (including the hematocrit) showed no major changes, our results support those of Hordnes and Tyssebotn.s)
Our second purpose was to find whether the cerebrovascular response to hyperoxemia is a di ameter-related phenomenon. Carrier et al. 2) studied the in vitro effects of hypoxia (from 100 to 30 mmHg P02) on the femoral artery branches (0.5-1.0 mm di ameter) of dogs. The small vessels had a greater response to low 02, whereas the large vessels showed less response. When the CSF P02 was raised, the vasoconstriction was more pronounced in small than in large arterioles in cats. 12) However, no reports have investigated the diameter-related cerebrovascu lar response to hyperoxemia, although the CO2 response of pial arterioles is inversely related to their diameters. ') We observed vascular responses to hyperoxemia that did not show a significant relation ship to the control arteriolar diameters. However, some small arterioles (<_ 50 ,um diameter) underwent marked vasoconstriction (-20% to -35%), but no large vessels (> 50,um diameter) showed constric tions greater than 20% (Fig. 1 ). In conclusion, pial arterioles in the rat were con stricted by about 10% during 100% 02 inhalation. The cerebrovascular response was greater under nor moxemia than under hyperoxemia, so the vasocon striction of pial arterioles was proportional to arteri al 02, but the relationship was not linear. There was no significant relationship between the vascular response and the control diameter, although small vessels tended to constrict more than large ones.
